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ABSTRACT 
Thermally grown silicon dioxide layers on silicon contain 
trap sites at the silicon-silicon dioxide interface regardless 
of growth conditions. These interface states have been studied by 
many workers using a variety of techniques. A recently described 
technique measures the interface state density via thermally 
stimulated currents. The method consists of biasing an MOS 
capacitor into accumulation, thereby filling the interface states, 
and cooling the structure to a low temperature. The device is 
then biased into deep depletion; the interface states remain 
filled because the temperature is too low to allow the electrons 
to be thermally excited out of the interface traps. The tempera- 
ture of the device is then raised at a uniform rate, and the 
current associated with the release of electrons from the interface 
traps is monitored. Interpretation of these thermal currents 
provides interface state density information. 
This study examined samples containing interface state 
10        2 13 densities from less than 10  states/cm to greater than 10 
2 
states/cm . These samples simultaneously contained fixed oxide 
10  2     13  2 
charge densities of approximately 10 /cm to 10 /cm located 
near the Si-Si02 interface. 
The study investigated the TSC (Thermally Stimulated 
Current) technique developed by Simmons in order to determine the 
interface state density. The TSC technique is evaluated and the 
resulting interface state densities are compared to results 
obtained using Terman's method for obtaining interface state 
densities. 
It was found that TSC data is useful only for interface 
13  2 
state densities of approximately 10 /cm . For smaller interface 
state densities bulk silicon trap emission has an appreciable 
effect on the TSC curves. Approximatea<miiutf£M£or identifying 
and separating the response from each source are discussed and 
suggestions for future experimental work are given. 
1.0 Introduction 
The existence of surface states (fast interface states) 
in MOS (Metal-Oxide-Silicon) structures has come under study by 
1-12 
many sources.     These studies have established the existence 
of surface states; however, the nature of these states is still 
somewhat obscure. Some of the more recent studies have involved 
different methods of measuring the density of surface states in 
the hope that the nature of these states could be further investi- 
gated. For any of these methods, however, an in depth study of 
all possible mechanisms that could contribute to experimental 
results and a close evaluation of the method itself must be made 
to properly interpret the results. 
13 One of the more recent methods, proposed by Simmons, 
involves the study of the MOS structure under non-steady-state 
conditions. Specifically, by monitoring thermal currents produced 
when raising the temperature of a cooled MOS structure under 
special bias conditions, it was felt that the density of surface 
states could be obtained as a function of. their position in the 
bandgap. Simmons proposed that by first cooling the structure 
under an accumulation bias and then heating the structure under a 
depletion bias at a constant rate, the thermal currents produced 
as a function of temperature would be a direct image of the sur- 
face state density in the bandgap. 
2-5 Many previous workers   proposed alternate schemes 
for the measurement of surface state densities. Terman showed 
that by studying the high frequency C-V (capacitance-voltage) 
curve of an MOS structure, the surface state distribution could 
be obtained by a comparison with the ideal high frequency C-V 
curve. Brown and Gray altered the temperature of the structure, 
keeping the device in equilibrium and monitoring the bias needed to 
maintain a flat band condition. By noting the change in bias 
as the temperature varied, the surface state density could be 
determined. Kuhn observed the displacement current as the bias 
across the MOS structure changed linearly with time and in this 
way generated the low frequency C-V curve. A comparison between 
the low frequency and high frequency C-V curves yielded the sur- 
face state density. Nicollian and Goetzberger measured simul- 
taneously the conductance and the capacitance on a standard ad- 
mittance bridge. Since the conductance is directly related to 
the surface states, the surface state density could be determined. 
Hence, the thermal current technique is clearly different from any 
previous method of studying surface states. 
The present investigation is concerned with evaluating 
the non-steady-state thermal method of measuring surface states 
to gain additional insight into the origin and properties of fast 
interface states. The evaluation involves the measurement of 
MOS thermal currents as a function of bias conditions and a 
theoretical consideration of the mechanisms involved so that the 
current versus temperature measurements can be properly inter- 
preted. The response due to surface states will be evaluated and 
compared to the results of surface state measurements obtained 
from Terman's method. 
The measurements were made on oxides which had been 
exposed to a reducing atmosphere of CO/CO- at 910°C, and which 
were consequently reoxidized at 925°C in dry 0_ for varying times. 
The oxides treated in this manner provided a variety of samples 
with different oxide charges and surface state densities. A com- 
parison of the oxide charge with the surface state density was 
also made for these samples to gain some insight concerning a 
possible relationship between these parameters. The original goal 
of the investigation was to use the thermal method to gain further 
insight into the origin of the surface states. This was not ac- 
complished because, except for unusual cases where the surface 
state density was extremely high, the response due to surface 
states was swamped by the response due to generation-recombination 
centers in the silicon. Hence, the effectiveness of the thermal 
current measurements will be discussed and an evaluation of the 
method for the study of surface states will be made. 
2.0 Surface State Considerations 
2.1 Surface State Overview 
The existence of fast interface states has been shown 
1-13 by many workers.     These fast interface states are sites that 
lie physically very close to the Si-Si02 interface and can easily 
communicate with the bulk silicon. Hence, depending upon where the 
Fermi level lies at the surface (Si-Si02 interface) with respect 
to the band edges, these states can be charged or neutral. For 
donor states those lying above the Fermi level in an energy con- 
sideration will have a positive charge and those donor states ly- 
ing below the Fermi level will be neutral. For acceptor states 
those above the Fermi level will be neutral while those below will 
have a negative charge. 
The author feels that the existence of surface states 
is due to non-stoichiometry of the Si0_ layer at the interface due 
to either an excess of silicon or a deficiency of oxygen. This 
is the same mechanism that is felt to account for the oxide charge 
© 
in the SiCL layer near (within 200A) the Si-Si02 interface. The 
difference between the two effects is merely the fact that the 
states immediately at the interface can communicate with the bulk 
silicon, in other words they can exchange charges with the bulk 
silicon in a short time. These states are referred to as fast 
interface states or surface states. 
Considering the previous paragraph, the surface states 
would then respond as donor states rather than acceptor states. 
This investigation will only consider the surface states as being 
6 
donor states. This consideration has been assumed by most other 
workers in their measurement techniques. In order to study sur- 
face states it is then necessary to move the Fermi level within 
the bandgap to allow the surface states to respond. In all in- 
vestigations the position of the Fermi level has been altered 
in some fashion and the effects of the increased (or decreased) 
surface charge on the parameters being measured is noted. In 
this way the surface state density is determined. In all cases 
the amount the Fermi level can be altered determines the range 
of energies in the bandgap over which the surface state density 
can be studied. It is these states which can communicate with the 
bulk silicon in an MOS structure with which this investigation 
is immediately concerned. 
2?2 Terman's Method 
^Terman's method for measuring surface states involves 
a comparison Between the theoretical and experimental high fre- 
quency C-V curves. The capacitance measurement is carried out 
at a sufficiently high frequency, typically 1 MHz, so that the 
surface states cannot respond to the measurement signal. There- 
fore by adjusting the bias across the device, which moves the po- 
sition of the Fermi level in the bandgap, and measuring the capaci- 
tance, the differential surface charge from the charging of the 
surface states will be reflected by the shift of the high fre- 
quency C-V curve. The experimental and theoretical C-V curves 
will be displaced from each other by the value AV which is 
variable and depends upon the position of the Fermi level in the 
bandgap. A part of AV is contributed by the value of 0 , the 
oxide charge, as can be seen in Figure 1. The remaining portion 
of AV is due to the total number of surface states that have been 
charged. The charge due to surface states as a function of the 
3 
surface potential ifi of the silicon can then be determined. 
The theoretical high frequency C-V curve is derived on the assump- 
tion that the metal-semiconductor work function is zero, there 
are no charges in the oxide, and the surface state density is 
zero. 
The surface state density is then computed from: 
3Q 
Css = -3*f CD 
3Q 
s 
then:        pssK  FJ " " X   q kT 3U loJ 
q  s 
2 
= states/eV/cm 
Thus differentiating the curve of AV versus U we obtain the 
surface state density at the Fermi level. 
The calculation of p  was performed on a digital com- 
puter with a program supplied by Professor Frank Hielscher and 
later slightly modified to plot p  as a function of energy in 
8 
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the bandgap. An average value for N  was taken over the bandgap 
for a large number of samples with different surface state den- 
sities and oxide charges. The preparation of these samples is 
outlined in section 4.1. These data are plotted in Figure 2 as a 
function of the reoxidization time for the sample. The oxide 
charge values were readily available for these samples, since 
14 these values had been determined by Pike  earlier in his studies 
on the oxide charge. In his studies the oxide charge, N , was 
determined from flat band capacitance measurements. These data 
are also plotted in Figure 2. The similarity between the surface 
state densities and the oxide charge densities over the range of 
reoxidation times presented suggests that they may be due to the 
same physical origin. 
This close correlation prompted the investigation into 
the nature of surface states. The thermal method is to be used 
as an alternate method of investigating surface states and their 
nature. Since the thermal method only looks at the surface states 
(the oxide charge does not affect experimental results), it will 
also be used to verify the results of Terman's method of measur- 
ing surface states. 
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3.0 Thermal Emission Theory 
3.1 Surface State Emission 
In this section the non-steady-state thermal emission 
currents due to surface states will be discussed. These thermal 
currents are a direct image of the surface state density in the 
bandgap when plotted as a current versus temperature characteristic. 
The thermal emission characteristic maps the states in the upper 
half of the bandgap for an n-type sample and in the lower half 
of the bandgap for a p-type sample. The technique applies to any 
trap distribution that extends over more than 4 kT in energy. 
Also, the attempt to escape frequency, v, of electrons located at 
trap sites can be determined by the thermal current technique. 
The technique can be illustrated as follows. An MOS 
structure is biased in the accumulation mode and cooled to a low 
temperature (see Figure 3a). While at the low temperature the 
device is switched into deep depletion (see Figure 3b). Ordinari- 
ly, the surface states in the upper half of the bandgap which are 
filled with electrons would quickly discharge their electrons into 
the conduction band. However, because the device is at a low 
temperature the surface states will not discharge their electrons, 
at least not for a very long time. When the temperature is raised 
the surface states will start to empty their electrons into the 
conduction band (see Figure 3c) and this will result in a current 
in the external circuit. The magnitude of this current is deter- 
mined by the surface state density at any given energy level and 
12 
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13 
the temperature. 
If the temperature is raised at a constant rate of 
B°K/sec such that the temperature is given by: 
T = 0t + TQ (4) 
where T is the initial temperature at the start of the heating 
13 process, then it can be shown  that there is an effective Fermi 
level that will move down through the upper half of the bandgap 
and will essentially scan the surface state distribution in the 
bandgap. The effective Fermi level is defined in terms of the 
2 quasi-Fermi level.  The quasi-Fermi level is the energy level 
which,allows the use of Boltzman statistics to determine the 
occupancy under nonequilibrium conditions. The effective Fermi 
level is the energy level of the quasi-Fermi level at the Si-SiCK 
interface and thus it defines the nonequilibrium occupancy of 
the surface states. The position of the effective Fermi level is 
13 given as: 
Ec " Em ="10~4'Ti1-92  iogCj) + 3.2] - .0155eV    (5) 
where E is the position of the effective -Fermi level. Hence 
the distance of the effective Fermi level from the conduction 
band is a linear function of the temperature as long as 3 is con- 
stant. Then, using equation (5), the temperature axis can be 
converted directly into an energy axis for the I-T experimental 
results. 
The current obtained from the I-T characteristic is a 
direct image of the number of surface states at the effective 
14 
Fermi level. Simmons has shown that the surface state density 
is given by: 
I . 
.   Pss = : 2— _ (6) &&
      1.2qAB[{1.92 log£)  +  3.2}10 4] 
P 
where I is the thermal emission current, A 
e 
2 
A is the area of the MOS capacitor, cm 
B is the heating rate, °K/sec 
-19 q is the electronic charge, 1.6 x 10   coul 
v is the attempt to escape frequency, sec" 
Hence the I-T characteristic is a direct image of the surface 
state density versus the energy in the bandgap. 
The magnitude of the attempt to escape frequency is 
necessary to complete the analysis. This can be obtained by 
measuring the I-T characteristic at two different heating rates, 
B. and 3_, and by then measuring the temperatures, T. and T2, 
at which a prominent part of the I-T characteristic, which is due 
to surface states, occurs. Hence from equation (5) the attempt 
to escape frequency is given by: 
v = 10y (7) 
T. log 6 - T log p 
where y =   — T z T  - - 1.66 (8) 
*2 ~ xl 
A statement can now be made in foresight. Considering the heating 
rates involved in the experiment, typically B ranges from ,01°K/ 
sec to l°K/sec, the time constant of the measurement is extremely 
long. Hence any state at the surface that could charge and emit 
15 
an electron, in other words anything that could possibly be 
considered a surface state, will produce a contribution to the 
experimental result. Therefore in comparing the surface state 
density as obtained from thermal emission characteristics to the 
surface state density obtained using Terman's method, it is ex- 
pected that the surface state density from the thermal technique 
will be larger because Terman's method will not account for the 
surface states with very short time constants that can respond 
to the measurement signal. 
As mentioned before, all mechanisms that could generate 
thermal currents must be considered so that the surface state 
response can be correctly defined. These other sources of thermal 
currents will now be considered. 
3.2 Thermally Dependent Oxide Charge 
A possible source of thermally stimulated currents is a 
thermally dependent oxide charge. This would consist of oxide 
charge sites that are thermally stimulated to charge or discharge. 
These states would be expected to respond regardless of the bias 
conditions on the MOS sample. Hence by cooling the sample under 
an accumulation bias and then heating the sample under the same 
accumulation bias the thermally dependent oxide states would re- 
spond and would contribute to a thermal current. This same response 
would be exhibited in the opposite polarity when cooled under an 
accumulation bias and heated under a depletion bias; however, under 
16 
•«# ^these conditions the thermal currents from the surface states would 
complicate the response. But using an accumulation bias both in 
cooling and heating, the surface states would not respond, yet 
the thermally stimulated oxide charges would respond. Therefore 
it is possible to separate out the response due to the thermal 
oxide charge by carefully choosing the bias conditions. 
3.3 Thermal Dependence of the Fermi Level 
In all cases when the temperature of the bulk silicon 
is changed, the position of the Fermi level in the bandgap varies 
with temperature. The temperature dependence of the Fermi level 
is given by the expressions: 
ND    1 UF " *" 5T ■ kf EF « 
1 
and 
n? = kT3e"EG/kT (10) 
where the reference energy is the intrinsic Fermi level deep in 
the bulk silicon. If these expressions are numerically evaluated 
as a function of temperature, it is seen that the Fermi level has 
a strong dependence on temperature (see Figure 4). Therefore con- 
sidering the temperature variation in the experiment (approximately 
90°K to 300°K), the position of the Fermi level will move .2 eV 
from the start to the finish of the experiment. This means that 
the movement of the Fermi level will effectively scan a portion 
of the bandgap during an experimental run. Therefore under the 
proper bias conditions the movement of the Fermi level in the 
17 
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£/' 
bandgap may cause traps in the bulk silicon to release their 
charge and produce a current in the external circuit. Another 
effect this will have is to make the bulk silicon appear to be 
more heavily doped at lower temperatures. These effects would 
be felt most in the depletion region away from the surface. Near 
the interface, effects due to the movement of the quasi-Fermi 
level would swamp any effects caused by the movement of the 
Fermi level. 
13 15 The studies of other workers '  in obtaining thermal 
responses from MOS structures do not show any consideration of the 
movement of the Fermi level in the bulk material. 
3.4 Bulk Silicon Traps 
The movement of the Fermi level with temperature will 
give rise to thermal currents produced by the Fermi level scanning 
traps in the bulk silicon. At low temperatures this thermal 
current will be due to an emission process from the traps in the 
depletion region. Any generation or recombination currents will 
be suppressed due to the low temperature of the structure. Figure 
5 illustrates the trap emission process. 
The sample is cooled under a depletion bias (see Figure 
5a). The Fermi level of the cooled silicon, as illustrated in 
section 3.2, lies very close to the conduction band. The deple- 
tion bias is then maintained and the sample is heated at a constant 
rate. As the temperature increases the Fermi level moves from 
the initial low temperature position, EpT , to the final position, 
O 
19 
N, 
INVERSION CHARGE 
DEPLETION REGION 
Figure 5 Representations of an MOS structure cooled and heated 
under a depletion bias. 
20 
Ec_, , effectively scanning the range of traps in the width W. FTp 
For the temperatures involved in the experimental setup, the move- 
ment of the Fermi level scans approximately .2 eV. Because the 
experiment was started under a depletion bias the surface states 
were empty so any emission current would occur only from traps 
in the bulk silicon or thermally stimulated oxide charge. Under 
appropriate bias conditions the response due to thermal oxide 
charge emission could be obtained and the response due to bulk 
silicon traps could then be determined. 
To ascertain that the response is due to bulk traps in 
the silicon, the following procedure is followed. The sample is 
cooled under a depletion bias as before, but now consider the 
charge and the depletion region near the silicon surface (see 
Figure 5b). The width of the depletion region was obtained by 
2 
using Figure 5, page 433 of Sze.  The depletion bias of the 
sample is increased while the sample is at a low temperature. 
The inversion charge at the surface cannot increase, at least not 
for a very long time, because of the lack of minority carriers 
at the low temperature. Therefore the width of the depletion 
region must increase to account for the increased voltage across 
the MOS capacitor (see Figure 6a). The increase in the depletion 
width can be approximated from the oxide capacitance, C , by: 
qN = CQ(AV)/A (11) 
and w - N/ND (12) 
21 
.QUASI-FERMI LEVEL 
Figure 6 Representations of an MOS structure switched to an 
increased depletion bias at low temperatures. 
22 
where: w is the increased depletion width 
AV is the increase in the depletion bias 
A is the area of the sample 
N is the net increase in charge 
and   Nj. is the dopant density 
The sample will go into deep depletion when the depletion bias is 
increased, and as the temperature is raised the emission current 
from the traps in the bulk silicon will increase because of the 
larger depletion width in the MOS structure. Hence a larger peak 
in the I-T emission current, as well as a shift in the peak position 
toward lower temperatures due to the increased band bending, would 
be expected. Any response due to the emission process from surface 
states would be suppressed by choosing a depletion bias such that 
during the cooling process the surface states would be empty and 
therefore during the heating process would remain empty, contri- 
buting no thermal current to the external circuit. 
When a larger depletion bias is applied at a low tempera- 
ture, some of the traps that were charged when the sample was 
cooled are forced above the Fermi level. However, they will remain 
filled because they cannot release their charge at the low tempera- 
ture. This is illustrated by a band diagram in Figure 6b. Hence, 
if the cooling bias remains the same and tke  depletion bias is 
increased at the low temperature, the emission current will reflect 
all the traps from point A, the point where Ep_ crosses the trap 
23 
level under the cooling depletion bias, to point B, the point 
where E^- crosses the trap level under the increased depletion 
hlF 
bias (see Figure 6b). 
3.5 Interpretation of the Thermal Current Response 
In order to obtain a response from the surface states, 
the experimental procedure requires that the MOS structure be biased 
in the accumulation region, then cooled to a low temperature. While 
at the-low temperature the bias is switched to a depletion bias, 
with the MOS structure going into deep depletion because of the 
inability of the surface states to discharge at the low temperature. 
The entire structure is then heated at a constant rate. The thermal 
currents are monitored while the device is heated. 
The thermal current response will represent the sum of 
the responses due to surface states, thermally stimulated oxide 
charges, and emission current from traps in the bulk silicon de- 
pletion region.  By appropriately biasing the MOS capacitor during 
the cooling and heating procedures, it is possible to separate 
the response due to each source. In this way it is possible to 
determine the emission currents from the surface state distribution. 
As a first approximation, the thermal currents obtained while cool- 
ing the structure under a depletion bias of V volts and heating it 
at a constant rate under the same depletion bias will be subtracted, 
- v 
from the response obtained by cooling the structure under aji accu- 
mulation bias and heating it under a depletion bias of V yolts. 
In this manner the resulting differential current will be/^the 
24 
response due to the surface state distribution. This method was 
used in order to approximately remove the responses due to the 
bulk traps and any thermally stimulated oxide charges. 
Under certain conditions, the response obtained by cool- 
ing in the accumulation mode and heating in the depletion mode 
13 
will be a direct image of the surface state distribution.   The 
response due to the oxide charge is assumed to be zero. Therefore, 
when the surface state density is extremely high and can be con- 
sidered to be the dominant emission process, the I-T characteristic 
under the above bias conditions will be a direct image of the 
surface state distribution in the upper half of the bandgap. When 
the surface state density is.low and the bulk trap emission can be 
assumed to be the dominant emission process, the I-T characteristic 
will be dominated by thermal emission currents from the traps in 
the bulk silicon. In this case the surface state density would 
be nearly impossible to detect because the surface state response 
represents only a very small part of a much larger response. 
An alternate method of distinguishing between the surface 
state response and the bulk trap response can be derived by con- 
sidering the discussion in section 3.4 concerning the bulk trap 
emission process and the discussion in section 3.1 concerning the 
surface state emission process. In section 3.1 it is shown that the 
surface state emission current is weakly dependent upon the mag- 
nitude of the depletion bias, whereas in section 3.4 it is shown 
that the magnitude of the emission current due to bulk traps in 
25 
the silicon is strongly dependent upon the magnitude of the deple- 
tion bias. Hence by changing the magnitude of the depletion bias 
when the device is switched from accumulation at a low temperature, 
the emission current due to the surface states will not signifi- 
cantly change. However, the magnitude of the emission current 
due to the bulk silicon traps in the depletion region, which is 
much wider if the depletion bias is increased, will be strongly 
dependent on the magnitude of the depletion bias. The position 
of the emission peak would be expected to shift slightly due to 
the increased bending of the bands. This method, however, provides 
no means of quantitatively determining the response due to surface 
states. It merely provides a means of qualitatively evaluating the 
thermal emission current response. 
Figure 7 is a band diagram representation of the MOS 
structure at different points in the experimental procedure. 
Figure 7a represents the band bending when the device has been 
cooled in the accumulation mode and then switched to a depletion 
bias at liquid nitrogen temperature. The effective Fermi level, 
E„, at the surface" is shown along with the quasi-Fermi level. 
The quasi-Fermi level must increase sharply at the surface because 
of the charged surface states. Figure 7b represents the device 
under the same depletion bias but at room temperature. In this 
case the Fermi level in the bulk silicon has moved farther from 
the conduction band due to the temperature dependence of the Fermi 
level. Under these conditions the device is in equilibrium, 
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Figure 7 Band diagrams for an MOS structure cooled under an 
accumulation bias then heated under a depletion bias. 
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therefore the quasi-Fermi level and the Fermi level lie in the 
same position. 
v 
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4.0 Results 
4.1 Experimental Technique 
The devices investigated in this study were fabricated 
on n-type (phosphorus doped) <100> chem-mechanically polished 
wafers of 1 to 10 ohm centimeter resistivity.  The samples were 
oxidized to the desired thickness, 1440 A, at 1130°C in dry 
oxygen. The oxidized samples were reduced with a CO-CO- atmos- 
phere at 910°C for five hours. After reduction the samples were 
reoxidized at 925°C in dry oxygen for different times to produce 
samples of varying surface state densities and oxide charges. 
Aluminum was then evaporated on the surface and a photolithographic 
operation was used to produce aluminum dots having an area of 
20.27 y-cm. The oxide was stripped from the back and aluminum 
was exaporated onto the back to provide an ohmic contact. 
The samples were placed on a specially designed test jig 
which would allow only the sample and the sample base to be heated 
and cooled (see Appendix A). The sample was cooled to liquid 
nitrogen temperatures, approximately 80°K, using a Statham SD-30-5 
temperature chamber. The temperature was raised using a specially 
designed temperature controlled at either .085°K/sec, .2°K/sec or 
.4°K/sec (see Appendix B). These heating rates were defined by 
the design of the temperature controller and were easily repro- 
ducible. The thermal currents were measured using a PAR model 
135 electrometer operated in the feedback mode to minimize the 
voltage drop across the instrument. Bias was supplied by a Hewlett 
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Packard model 6106A DC power supply and a switching network. The 
temperature controller was equipped with an analog output which 
was a linear function of the temperature and the electrometer 
was also equipped with an analog output. These outputs were then 
recorded on a Hewlett Packard model 7004B X-Y recorder to produce 
the desired I-T curve. Figure 8 schematically illustrates the 
test setup. 
The temperature chamber and electrometer leads were 
shielded to prevent noise currents at the low signal current levels. 
The electrometer was operated in the floating mode to allow the 
bias to be applied to the sample. The sample base was grounded 
to accommodate the heating element and the sensor. The power supply 
was chosen for its excellent stability. The power supply lines 
for the sample bias did not require shielding because of the low 
output impedance of the power supply. The X-Y recorder was operated 
in the floating mode to accommodate the electrometer output and 
the temperature controller output. 
The following experimental procedure was used. The 
sample was placed on the test jig and a dot was contacted by a 
spring loaded gold plated probe. Contact to the back of the sample 
was made via the gold plated brass sample base. A C-V curve was 
made of the particular MOS capacitor and the dot location was re- 
corded. The capacitor was tested for leakage current under various 
accumulation and depletion biases. In this way defective dots were 
eliminated. 
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The entire test jig was placed in the temperature chamber 
and the bias was applied. The chamber then cooled the sample and 
test jig to approximately 80°K and maintained a nitrogen ambient 
about the sample. The heating bias was applied at the low tempera- 
ture and the temperature controller was allowed to heat the sample 
and sample base to 273°K while the thermal current measurement was 
made. At 273°K a different cooling bias could be selected and the 
experimental procedure could be rerun. This procedure facilitated 
measurements because only the sample and the sample base were 
allowed to heat and cool. The disadvantage of this procedure was 
that only one dot could be used, hence the need for careful dot 
screening. The enormous amount of time needed to reset the entire 
setup, i.e. select a new dot and run the experiment, prohibited 
allowing the sample to be heated to room temperature and resetting 
the entire experiment. However, the method outlined above allowed 
many I-T characteristics for various bias conditions to be generated 
in a relatively short time for a particular dot. 
4.2 Thermally Stimulated Oxide Charge Currents 
In order to ascertain the existence of any thermally de- 
pendent oxide charges TSC (Thermally Stimulated Current) measure- 
ments were obtained for a sample cooled under an accumulation bias, 
then heated under the same accumulation bias, as outlined in 
section 3.2. TSC measurements were also obtained for the same 
sample cooled under a depletion bias then heated under an ac- 
cumulation bias. The sample used for these measurements had been 
reduced and reoxidized for 70 minutes. No thermal current 
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was measured under either of these bias conditions. The measurement 
-13 limit of the equipment was 1 x 10   AMPERE; below this current 
magnitude a signal could not be discerned from the noise. 
Therefore, to at least the measurement sensitivity of the 
test setup, there was no thermal current which could be attributed 
to thermally dependent oxide charges. It will be assumed that any 
TSC data contains no contribution to the thermal current from any 
thermally dependent oxide charges. 
4.3 Silicon Bulk Trap Emission Currents 
Thermally stimulated currents from traps in the bulk 
silicon will be observed as the Fermi level moves through the trap 
level in the depletion layer. This effect was discussed in section 
3.4 and now data will be presented to show the existence of traps 
in the bulk silicon. 
The sample was biased into depletion at the start of the 
experiment and cooled to approximately 80°K. The depletion bias 
was maintained while the sample was heated at a ,4°K/sec rate. 
Curve 1 in Figure 9 shows the TSC characteristic for a sample 
where the depletion bias was -22V. The sample chosen was one that 
had been reduced and reoxidized for 70 minutes, the same sample 
used for the thermally stimulated oxide measurements. Curve 2 
represents the same dot cooled at -22V then heated at -23V. As 
predicted in section 3.4 the magnitude of the peak current is 
larger and the position of the peak has shifted slightly. Curve 3 
further emphasizes this point. The TSC curves for these bias 
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Figure 9 TSC curves for a sample cooled and heated under a 
depletion bias. 
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conditions clearly show the existence of bulk traps in the silicon. 
In Obtaining these curves the problem arose of resetting 
the structure, i.e. making sure the silicon had the same starting 
point in each experimental run. 
To reset the structure the following procedure was used. 
For the first experimental run the resetting of the structure was 
not necessary since the device was cooled from room temperature. 
After the initial cooling the structure was heated to 0°C and an 
accumulation bias was applied for a few minutes to reset the 
structure. The structure was not heated to more than 0°C to prevent 
the formation of ice on the test jig or the sample. The structure 
was then biased into depletion at -21V and cooled to 80°K. The 
depletion bias was then increased to -22V and a TSC response was 
plotted. The procedure was then repeated for each experimental 
run. As a further aid in resetting the structure the device was 
illuminated by a light source while the accumulation bias was 
applied. 
However, even after the implementation of these proce- 
dures to reset the structure the TSC data showed that the structure 
was not completely reset to the same starting point. Hence even 
after heating the device to 0°C and applying a strong accumulation 
bias the sample was not reset to the same starting conditions under 
which the initial run was made. 
Figure 10 shows the results obtained by"foliowing the 
procedure outlined above. Curves 1, 2 and 3 follow the expected 
35 
8 
I 
00""% 
W) -2M -23vt 
0 
P 
/*- A Vs SEC 
(3) -21v4r -23v t 
(2) -21v* -22v t 
(1) -21v* -21v t 
148 185 
TEMPERATURE (°K) 
217 
Figure 10 TSC curves illustrating the effect of not completely 
resetting the structure. 
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progression. Curves 3 and 4 were obtained under the same bias 
conditions; however, the accumulation bias at 0°C was maintained 
longer for curve 3 than for curve 4. Hence the importance of 
resetting the structure is clearly seen. Figure 11 shows the same 
effect except that the device was cooled under an accumulation bias 
and then heated under a depletion bias. TSC curve 1 was obtained 
by cooling the device under an accumulation bias from room tempera- 
ture. Curve 2 was obtained after cycling the structure through 
the cooling and heating process eight times. The device was placed 
under an accumulation bias at 0°C for three minutes then cooled 
under the same bias. The total time under the accumulation bias 
was approximately fifteen minutes. Yet still there is a large 
difference in the response due to bulk silicon traps. Hence even 
cooling the device in the accumulation mode does not reset the 
structure completely. 
These results have not been reported by any other workers. 
Simmons has demonstrated the emission process from traps in the 
bulk silicon ~ ; however, he reported this only for the case 
where the bulk silicon traps were the dominant emission process. 
He reports no results for the conditions under which these experi- 
ments were performed. Sah has noted results similar to the experi- 
ments presented here ; however, he provides no theory to explain 
his observations. It is felt that these results must be properly 
interpreted in order to obtain any meaningful information from the 
thermally stimulated current measurements. 
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4.4 Surface State Emission 
The procedure used to obtain the emission I-T curve to 
be used to evaluate the surface state density is as follows: a 
positive bias is applied to an MOS capacitor so that the surface 
of the semiconductor is in the accumulation mode. The structure 
is cooled to liquid nitrogen temperature, approximately 80°K, and 
a reverse bias is applied so that the semiconductor goes into non- 
steady-state deep depletion, because minority carrier generation, 
which is responsible for inverting the surface, is inhibited at 
low temperatures. Any surface states or bulk silicon traps in the 
upper half of the band gap in the depletion region, which now would 
normally be empty at room temperature, remain filled. The tempera- 
ture is then raised at a uniform rate B, 3 is either .4°K/sec, 
,2°K/sec or .085°K/sec for this investigation, and the emission 
current which flows, due to the electrons being swept out of the 
depletion region, When the surface states or bulk traps empty, 
is measured and plotted against the temperature. 
In Figure 12 the I-T curves for a sample that had been 
reduced and reoxidized for 4 minutes are shown for two different 
heating rates. In this sample the surface state density is very 
high and can be considered the dominant emission process. There- 
fore the I-T characteristic is a direct image of the surface state 
density over part of the bandgap. The sample was cooled from room 
temperature under an accumulation bias of 0V(+) and heated under 
a depletion bias of -40 V(+). The values for the accumulation 
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and depletion bias were determined by inspection of the high 
frequency C-V curve for each sample. 
The I-T characteristic was converted to a surface state 
density versus energy diagram using equations (5) and (6). Figure 
13 shows the resulting surface state density plotted against energy 
as referred to the conduction band. Figure 13 also compares the 
results of the I-T emission curve to the surface state density 
obtained from measurements made using Terman's method. The results 
show very good agreement between the two methods over the appro- 
priate energy range. 
The data obtained from this sample was also used to de- 
termine the attempt to escape frequency, v. All the samples 
measured had been grown under exactly the same conditions except 
for the reoxidation time. Therefore the attempt to escape fre- 
quency for all the samples measured would be the same. Since the 
data obtained for a sample where the surface states were the domi- 
nant emission process would best exemplify the behavior, of the 
surface states the attempt to escape frequency determined from 
that data is used for all the samples. In this manner the compli- 
cations introduced by bulk silicon trap emission would not affect 
the attempt to escape frequency calculations. Using equation (7) 
the attempt to escape frequency was calculated from the data ob- 
tained for the sample which was reoxidized for four minutes, and 
13 
was found to be 6.26 x 10 /sec. Simmons reported an attempt to 
escape frequency of 5.6 x 10 /sec. 
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To evaluate the effect of the bulk silicon traps and the 
oxide charge on the surface state measurements various I-T curves 
were made under different bias conditions. This determined which 
part of the I-T curve measured was indeed due to surface state 
emission. A sample that was reoxidized for 70 min was chosen as 
the measurement sample. 
As mentioned before, all measurements made to determine 
the presence of thermally dependent oxide charges showed that there 
was no emission current due to these charges. This was also true 
of this sample. Therefore it will be assumed that only two mechan- 
isms produce thermal emission currents - surface states and bulk 
silicon traps in the depletion layer. 
The sample that had been reoxidized for 70 minutes was 
chosen to illustrate the effect of the bulk silicon traps in the 
depletion layer on the determination of the surface state density. 
Figure 14 shows the emission curve (curve 2) for a sample cooled 
under an 0V accumulation bias and heated under a -24V depletion 
bias. The pronounced peak at approximately 190°K occurs in the 
same position as the peaks observed, for the same sample, in 
section 4.3 for the emission currents due to bulk traps in the 
depletion layer. Curve 2 in Figure 14 is the emission characteris- 
tic for the same dot cooled under a -24V depletion bias and 
heated under the same depletion bias. A pronounced peak is ob- 
tained in the same position as shown in curve 1, to which corres- 
ponded bias conditions, which do not allow the surface states to 
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Figure 14 TSC curves illustrating the effects of bulk silicon 
traps and surface states. 
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respond. Therefore this peak at 190°K must be attributed to bulk 
traps in the silicon depletion region. 
Referring again to Figure 14, the difference between 
curves 1 and 2, i.e. the obvious lack of emission currents at low 
temperatures in curve 2, must be attributed to emission currents 
from surface states. Therefore as a first order approximation to 
determine the surface state density, curve 2 is subtracted from 
curve 1 in Figure 14 and the resulting emission current curve 
is used with equations (5) and (6) to determine the surface state 
density. The resulting surface state density is presented in 
Figure 15 along with the surface state density determined using 
Terman's method. The approximation used to determine the surface 
state density must be viewed with caution. In obtaining the curves 
in Figure 14, when the depletion bias was applied to the sample 
after it had been cooled under an accumulation bias the silicon 
was in the deep depletion mode as shown in Figure.3; however, 
for curve 2 the sample was cooled under a depletion bias and heated 
under the same depletion bias. Therefore the curves in Figure 14 
were not obtained under exactly the same conditions, and the method 
outlined above must be viewed as only an approximation. 
Figure 16 illustrates the extreme bias dependence of the 
emission current due to bulk traps in the depletion region. The 
I-T characteristics in Figure 16 were made for the sample reoxi- 
dized for 70 minutes. The portion of the curves attributed to 
surface state emission shows only a very slight, if any, dependence 
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\ 
on the magnitude of the depletion bias. However, the portion of 
the I-T characteristic due to bulk trap emission shows a very 
strong dependence on the magnitude of the depletion bias. Figure 
17 illustrates the same type of behavior, for a sample that had 
been reduced for 200 minutes. 
Hence by judiciously biasing the MOS structure the response 
due to surface states and the response due to bulk silicon traps 
can be identified and approximately separated. All samples where 
the. I-T characteristic was measured show the pronounced peak 
attributed to the bulk silicon traps. This response was expected 
since all the samples were fabricated using the same bulk silicon. 
The starting temperature, T , of the heating provides 
a practical limitation to the range of energies in the upper half 
of the bandgap that can be studied. At liquid-nitrogen tempera- 
ture the technique can be applied only to traps more than about 
21 
.19 eV below the bottom of the conduction band.   However, at 
liquid helium temperature where kT = .0036 eV the technique can 
be used to study distributions to within about .01 eV of the 
bottom of the conduction band. This low temperature would then 
make it possible to study donor centers in the bulk silicon. 
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5.0 Discussion 
Measurements made to determine the oxide charge which lies 
close to the Si-Si0_ interface, and measurements made to determine 
the surface state density show that there is a high degree of 
correlation between the magnitude of the oxide charge and the 
surface state density. This suggests that the same mechanism 
responsible for the oxide charge is also responsible for the 
existence of surface states. The donor type behavior of surface 
states supports the hypothesis that the surface states are mani- 
festations of the non-stoichiometry of the SiO layer that can 
communicate with the bulk silicon. This possible mechanism has 
not been previously discussed in the literature. 
The original objective of this investigation, to use the 
non-steady-state emission currents in MOS structures to gain 
further insight into the origin of surface states, was not fully 
accomplished, because, except for exceptional cases where it 
could be assumed that the surface states were the dominant emis- 
sion mechanism, the I-T characteristic was not a direct image of 
the surface state distribution. The emission characteristics 
are complicated by the thermal response of bulk silicon traps in 
the depletion layer. The thermal response of MOS structures 
provides a great amount of information concerning surface states 
and traps in the structure. However, since the method measures 
non-steady-state parameters the information obtained via emission 
currents depends upon many factors and more than one mechanism of 
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emitting electrons. In order to properly evaluate the results 
these factors and mechanisms must be understood. Literature on 
this method does not take into consideration the thermal depen- 
dence of the Fermi level, and there is no accurate means of se- 
parating the responses due to surface states and due to traps in 
the depletion layer. Therefore at this point the thermal method 
cannot be suggested as a general means of studying surface state 
distributions. 
In this investigation only a very limited amount of 
information was obtained using thermal current measurements. 
Most of the investigative work was aimed at gaining further insight 
into the results obtained in thermal response measurements, so 
that the results could be properly evaluated. For the cases 
where valid information could be extracted, measurements using the 
thermal method showed surface state densities greater than or 
nearly equal to surface state measurements using Terman's method. 
This expected result supports the above hypothesis for the origin 
of surface states. 
Simmons reported surface state densities in the range of 
13  2        13  2 1 x 10 /cm to 5 x 10 /cm . Under these conditions it is valid 
to assume that the surface state emission is the dominant emission 
mechanism and therefore the I-T characteristics were a direct 
image of the surface state distribution. No data has been pre- 
sented by Simmons for samples where the bulk trap emission was 
comparable to surface state emission. In this investigation it 
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13  2 
was found that surface state densities below 1 x 10 /cm could 
not be considered the dominant emission process. Hence the I-T 
characteristics were complicated by bulk trap emission currents. 
Simmons' experimental results were obtained by measurements on 
22 MNOS samples.   In this investigation MOS samples that had been 
reduced and reoxidized were used to obtain thermal emission 
characteristics. The detectability limit of the experimental 
-13 
equipment was 1 x 10  A due to noise, which corresponds to a lower 
11        2 limit of 1 x 10  states/cm . Therefore the densities of states 
measured were well above the lower limit of the equipment. 
It is felt that the thermal emission experiments have a 
great amount of potential for investigations into the defects 
associated with MOS structures. However at this point valid 
experimental data for surface states can only be obtained when 
it can be assumed that surface state emission is the dominant 
emission process. A first order method of separating bulk trap 
emission from surface state emission has been suggested; however, 
it must be remembered that this is only an approximation. Future 
investigations may provide a better method for separating the 
emission processes. The thermal technique still requires much 
further investigative work. Future experiments should include a 
study of the effects of different bias conditions and how the bias 
affects the I-T curve. A more exact method of separating the 
response of the surface states and the response due to bulk traps 
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should also be investigated. Experimental procedures have, in 
this study, been carefully outlined and it is felt that a careful 
outline of the experimental procedure is extremely important 
since the procedure strongly affects the experimental outcome. 
Although much information has been gained and some expla- 
nations have been formulated, many questions have been raised and 
much additional work is required along these lines. 
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APPENDIX A 
Special Test Jig Used to Heat an MOS Sample at a Constant Rate 
The entire test jig was placed in a temperature chamber 
and cooled to liquid nitrogen temperature. The heating resistor 
heated only the sample and sample base, in this way the sample 
could be recycled in a minimum amount of time. 
GOLD PLATED 
SPRING LOADED PROBE 
GOLD PLATED BRASS 
SAMPLE BASE 
COPPER-CONSTANTAN 
THERMOCOUPLE 
ASBESTOS 
PAD 
lOohm 2w HEATING RESISTORS 
(FILED FLAT) 
f I PLEXIGLASS BASE f— 
TEST JIG BASE 
Figure Al Special test jig. 
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APPENDIX B 
Temperature Controller 
Figure A 2 shows the control circuit used to heat the MOS 
sample at a constant rate. Temperature sensing is accomplished 
by using a copper-constantan thermocouple mounted in good thermal 
contact with the sample base and the reference junction placed in 
an ice bath at 0°C. The differential thermocouple voltage is a 
direct indication of the sample temperature. The transfer con- 
stant is 33.6°K/mV over the temperature range of interest. 
The thermocouple output voltage is amplified by a Hewlett- 
Packard model 425A microvolt-ammeter. The chopper stabilized 
amplifier in the microvolt-ammeter provides excellent drift im- 
munity and 40dB of gain. The meter is operated in the floating mode 
to prevent amplification of common mode voltages on the sample 
base. The output from the microvolt-ammeter is fed into IC1, an 
IM 725 differential instrumentation amplifier with OdB of gain, 
which removes any common mode signal on the output of the micro- 
volt-ammeter and provides a single ended differential output sig- 
nal. IC2 is a 741 operational amplifier used as a non-inverting 
amplifier with the thermocouple gain control adjusted to provide  * 
20dB of gain. Therefore the gain between the thermocouple input 
and point A in Figure A 2 is 60dB. This adjusts the thermocouple 
transfer constant to 33.6°K/V. The thermocouple is connected 
so that as the sample base temperature rises the voltage at point 
A increases in a positive direction. 
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The ramp generator input is provided by a specially built 
ramp generator that had an extremely linear output and provided 
reproducible output ramps. Three ramp rates from the ramp gene- 
rator were used: 2.5 mV/sec, 5.9 mV/sec and 11.9 mV/sec. The ramp 
generator output is offset by the ramp offset control and applied 
to point B. IC3 is a 741 operational amplifier used as a differen- 
tial amplifier with a gain of OdB. The ramp offset control is 
adjusted so that the output of IC3 is zero when the sample base 
is at liquid nitrogen temperature and the ramp input is zero. IC3 
therefore provides an error voltage which is proportional to the 
difference between points A and B. 
IC4 is used as a non-inverting amplifier and controls 
the gain of the error signal. This control must be adjusted by 
experimental trial and error because the amount of error signal 
is determined by thermal transfer rates in the test jig. Too much 
gain will cause the system to be unstable and too little gain will 
cause the heating rate to be non-linear. The gain of IC 4 in 
this experiment was 5.5. IC5 is used as a differential amplifier 
with a gain of OdB. The output quiescent bias control is set so 
that the output darlington pair is just biased on when the output 
of IC3„is zero. The output, Ql, is an RCA 2N6388 darlington output 
IC adequately heat sunk and connected directly to the output of 
IC5. The output IC drives the heating element under the sample 
base which consists of two lOfl 2W resistors in parallel. There- 
fore the adjusted thermocouple voltage tries to follow the linear 
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ramp voltage thus providing a constant heating rate. 
The operation of the circuit is as follows: the test 
jig is cooled to approximately 80°K and the ramp generator is 
allowed to produce a positive going voltage ramp. As the ramp 
output rises point B becomes more positive than point A. The 
output of IC3 is equal to CA-B) and therefore goes negative. 
IC4 amplifies this difference signal and IC5 inverts the amplified 
error signal and adds the negative of the amplified error signal 
to the quiescent voltage, Q, i.e. the output of IC5 is (-5.5(A-B) 
+ Q). This causes Ql to conduct and supply power to the heating 
element. In this way a steady power output to the heating element 
is quickly built up. The magnitude of the power output is pro- 
portional to the heating rate and the temperature. If the heating 
rate is too fast the voltage at point A begins to rise faster 
than the voltage at point B, the output of IC3 becomes less nega- 
tive and the output of IC5 becomes less positive, therefore less 
power is applied to the heating element. 
The heating rate is given by: 
THERMOCOUPLE TRANSFER x RAMP RATE = HEATING RATE 
This then defines three heating rates:  .4°K/sec, ,2°K/sec and 
.085°K/sec. 
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